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Objective: Over-expression of thrombin in ovarian cancer cells is associated with poor prognosis. In this study, we investigated 
the role of thrombin in inducing epithelial-mesenchymal transition (EMT) in SKOV3 epithelial ovarian cancer cells. 
Methods: After thrombin treatment SKOV3 cells were subjected to western blots, reverse-transcription PCR, and enzyme-linked 
immunosorbent assay to quantify EMT-related proteins, mRNA expression of 5MAD2, DKK1, and sFRP1, and the secretion of 
matrix metalloproteinases (MMPs) and cytokines. Meanwhile, invasion ability was evaluated using transwell assays. 
Results: The results indicated a dose- and time-dependent down-regulation of E-cadherin and upregulation of N-cadherin and 
vimentin in thrombin-treated SKOV3 cells, compared with the thrombin-free control group (p<0.05). There was a dose-and time- 
dependent increase in the levels of SMAD2 and DKK1 mRNAs and a decrease in the levels of sFRP1 mRNA in thrombin-treated 
SKOV3 cells compared to control cells (p<0.05). Thrombin-treated SKOV3 cells exhibited increased secretion of MMP-9, MMP- 
2, interleukin (ll_)-8, and IL-6 and increased invasion compared to untreated cells (p<0.05). Thrombin altered the morphology of 
SKOV3 cells to a spindle-like phenotype. Addition of hirudin to thrombin-treated cells reversed the effects of thrombin. 
Conclusion: Thrombin induced EMT and promoted the invasion of SKOV3 cells, possibly via distinct signaling pathways. Hirudin 
inhibited the effects of thrombin, suggesting that anticoagulant therapy could be a novel therapeutic strategy for ovarian 
carcinoma. 
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INTRODUCTION 

Epithelial ovarian cancer (EOC) is the most common gyneco- 
logical malignancy worldwide, with a 5 year survival rate of 
around 45% [1]. Early detection remains a major challenge 
and more than 70% of EOC patients are diagnosed in the 
advanced stage of the disease, which is characterized by 
metastasis to the peritoneal cavity lining [1,2]. Invasion and 
metastasis are known to be critical determinants of patient 
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mortality in EOC. 

The process of epithelial-mesenchymal transition (EMT) plays 
a critical role in embryogenesis and has been shown to be 
associated with invasion and metastasis of malignant cells and 
tumor progression [3]. Additionally, EMT has been reported 
to 1) stimulate the differentiation of monocytes to induce 
angiogenesis in EOC [4], 2) induce differentiation of EOC cells 
to mimic tumor stem cells [5], and 3) play a role in chemoresis- 
tance [6] and apoptosis [7] of ovarian carcinoma cells. 

EMT, which is driven by a number of growth factors and 
cytokines, results in a loss of the original polarities and connec- 
tions of epithelial cells and reorganization of the mesenchymal 
cell-like cytoskeleton [8]. During EMT, invasion and migration 
of cancer cells is characterized by an alteration in the expres- 
sion of a number of proteins including 1) conversion from 
E-cadherin to N-cadherin expression, 2) conversion from 
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cytokeratin to vimentin expression, and 3) over-expression of 
the matrix metallo-proteinases (MMPs) [9]. 

Down-regulation of E-cadherin and up-regulation of vimen- 
tin are thought to play a key role in inducing invasion and 
metastasis [10] and the switch in expression from E-cadherin 
to N-cadherin is used to monitor EMT during embryogenesis 
and cancer progression. E-cadherin, a 120 kDa protein which 
regulates calcium-dependent cell adhesion, was shown to 
be down-regulated in most EOC tissues compared to benign 
ovarian tumor tissue and was positively correlated with high 
cancer grade, peritoneal seeding, and poor survival [1 1 ]. These 
data suggest an important role for EMT in EOC progression. 

Cancer activates the coagulation cascade and conversely, 
coagulation factors play a role in the progression of cancer [1 2]. 
A number of genes mediating inflammation and coagula- 
tion have been shown to be differentially expressed in the 
peritoneal tissues of EOC patients compared to benign stroma 
[13]. Thrombin has been reported to be over-expressed in 
ovarian cancer cells [14] and is a predictor of poor prognosis 
in EOC patients [15]. Thrombin interacts with its specific 
G-protein-coupled, protease activated receptors (PARs) to 
induce angiogenesis [1 3], and the thrombin-PAR complex was 
shown to mediate the release of a number of growth factors, 
cytokines and extra-cellular matrix (ECM) proteins to promote 
EOC metastasis [13]. However, it is not clear if thrombin could 
promote EOC cell invasion by inducing EMT. 

In this study, we evaluated the role of thrombin in cell invasion 
and EMT in SKOV3 human EOC cells. The thrombin-specific in- 
hibitor, hirudin, was used to assess the significance of thrombin 
in the progression of EOC. 

MATERIALS AND METHODS 

1. Cell culture 

The human EOC cell line, SKOV3, was obtained from ATCC. 
Cells were maintained in McCoy's 5a medium supplemented 
with 10% fetal bovine serum and 1% penicillin and strep- 
tomycin (all from Invitrogen, Carlsbad, CA, USA). Cells were 
cultured at 37°C in the presence of 5% C0 2 with humidity. 
SKOV3 cells were plated in 24-well plates at a density of 1 x 
10 5 /ml_, incubated in McCoy's 5a medium overnight, and then 
incubated with different doses of thrombin (R&D Systems, 
Minneapolis, MN, USA) with or without the specific thrombin 
inhibitor, hirudin (Merck, Whitehouse Station, NJ, USA). 

2. Immunofluorescence staining 

SKOV3 cells were treated with thrombin in the presence/ 
absence of hirudin, seeded on a coverglass and cultured for 24 



hours at 37°C. The cells were then fixed with 4% formaldehyde 
in phosphate-buffered saline (PBS) and permeabilized with 
0.5% Triton X-100. Cells were blocked with 1% bovine serum 
albumin solution and then incubated at 37°C with a 1:50 
dilution of anti-E-cadherin, anti-N-cadherin, or anti-vimentin 
antibodies (Epitomics, Burlingame, CA, USA) for one hour. 
The cells were washed and incubated with a 1 :1 00 dilution of 
fluorescent-conjugated secondary antibody (Sigma, St. Louis, 
MO, USA) for one hour at 37°C after which the cells were 
washed and incubated with DAPI at room temperature for 15 
minutes. The cells were washed once with 100% methanol, 
sealed with glycerol buffer and observed under a fluorescence 
microscope, ECLIPSE E400 (Nikon, Tokyo, Japan). 

3. Western blot assay 

Total protein was extracted from thrombin/hirudin treated 
SKOV3 cells using cell lysis buffer (Beyotime, Beijing, China) 
according to the manufacturer's instructions. Protein concen- 
tration was determined using the BCA protein assay kit (Beyo- 
time) and 50 (jg protein samples were subjected to sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins 
were transferred to polyvinylidene difluoride membranes 
which were blocked with 5% skim milk at room temperature 
for 30 minutes. The membranes were incubated with a 1:200 
dilution of primary antibody at 4°C temperature overnight, 
washed and then incubated with a 1 :2,000 dilution of second- 
ary antibody (Sigma) at room temperature for 2 hours. Protein 
expression was detected by chemiluminescence using an ECL 
kit (GE Healthcare, Little Chalfont, UK) and quantitated using 
the ImageJ software. Glyceraldehyde 3-phosphate dehydro- 
genase (GAPDH) protein level was used as internal control. 

4. Reverse transcription-PCR assay 

Total cellular RNA was extracted from thrombin/hirudin 
treated SKOV3 cells (5x 10 6 ) using Trizol (Invitrogen) according 
to the manufacturer's instructions. Reverse transcription was 
performed on 50 ng of total RNA using the RT Enzyme Mix and 



Table 1. PCR primer sequences 



Gene 


Primer sequences 




SMAD2 


F: 5 '-G ATG ACCTG AG A ACCG AATG-3 ' 
R: 5'-CCCTCCGACAACCTCAAG-3' 




DKK1 


F: 5'-ACGCTATCAAGAACCTGC-3' 
R: 5'-ACAAACAGAGGCCAGTAG-3' 




sFRPl 


F: 5'-GGGTCTTAGTTCTGGTTGA-3' 
R: 5'-CGTGATAGTGCTCGGAAA-3' 




GAPDH 


F: 5'-AGGTCGGAGTCAACGGATTTG-3' 
R: 5' GTGATGGCATGGACTGTGGT-3' 
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Primer Mix kit (Toyobo, Osaka, Japan) as previously described 
[1 6]. PCR primer sequences are listed in Table 1 . SMAD2, DKK1, 
and sFRP1 were amplified with 35 cycles and the reaction was 
within the exponential phase. However, GAPDH was amplified 
with only 1 7 cycles due to the abundance of this gene. 

5. Enzyme-linked immunosorbent assay 

Culture medium was harvested from treated SKOV3 cells 
and the levels of transforming growth factor (TGF)-pi, MMP- 
9, MMP-2, interleukin (IL)-8, and IL-6 were measured using 
commercially available enzyme-linked immunosorbent assay 
(ELISA) kits (R&D Systems) according to the manufacturer's 
instructions. 

6. Transwell invasion assay 

Matrigel (BD, Franklin Lakes, NJ, USA) and transwell cham- 
bers (Corning Inc., Corning, NY, USA) were prepared according 
to the manufacturer's instructions. SKOV3 cell suspensions 
were prepared in serum-free conditioned culture medium 
and 200 jjL of the cell suspensions (1 xioVmL) were added 
to the top wells of invasion chambers. The bottom wells 



contained 600 [il McCoy's 5A culture medium supplemented 
with 20% FBS which served as a chemoattractant. SKOV3 cells 
were incubated for 24 hours at 37°C in the presence of 5% 
C0 2 , after which the non-invading cells were scrubbed from 
the upper membrane of the chamber. The cells invading the 
lower membrane of the chamber were fixed with 4% formal- 
dehyde for 20 minutes and then stained with crystal violet for 
5 minutes. The invading cells were then rinsed with PBS and 
10 randomly selected visual fields were counted under the 
microscope (10x). Data were expressed as mean±SD. 

7. Statistical analysis 

Continuous variables were compared by one-way analysis 
of variance (ANOVA). When a significant difference between 
groups was apparent, multiple comparisons of means were 
performed using the Bonferroni procedure with type-l error 
adjustment and Dunnett test. Data are presented as mean± 
SD. All statistical assessments were two-sided and a p-value 
of 0.05 was considered significant. Statistical analyses were 
performed using SPSS ver. 1 5.0 (SPSS Inc., Chicago, IL, USA). 
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Fig. 1. Thrombin alters the expression of epithelial-mesenchymal transition (EMT)-related proteins in SKOV3 cells in a dose- and time- 
dependant manner. (A) Expression of E-cadherin, N-cadherin, vimentin in untreated and SKOV3 cells treated with different doses of thrombin 
for 24 hours. Control, thrombin-free group; 0.25T-2.0T, different dose (U/mL) of thrombin; 1.0T+H, thrombin plus hirudin (1.0 U/mL) group; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase (internal control). (B) Expression of E-cadherin, N-cadherin, vimentin in untreated and 
SKOV3 cells treated with 1 .0 U/mL of thrombin for different times. 0-48 hr, different time points of stimulation; 24 hr+H, thrombin plus hirudin 
group. The statistical results of (A) or (B) were shown below the corresponding representative image. *p<0.05 vs. the corresponding control. 
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RESULTS 

1. Thrombin induced differentiation in SKOV3 cells 

Using western blots, we showed a dose- and time-depen- 
dent change in the expression of EMT-related proteins in 
thrombin-treated SKOV3 cells. SKOV3 cells treated with 0.5 
U/mL, 1.0 U/mL, and 2.0 U/mL of thrombin exhibited a signifi- 
cant decrease in the expression of E-cadherin compared to 
untreated cells and significant increases in the expression of 
N-cadherin and vimentin (p<0.05, n=3). Notably, these effects 
were reversed by the addition to thrombin inhibitor, hirudin, 
to thrombin-treated SKOV3 cells (Fig. 1 A). 

SKOV3 cells treated with thrombin (1.0 U/mL) for 12 hours, 
24 hours, and 48 hours exhibited a significant decrease in 
the expression of E-cadherin compared to untreated cells 
and significant increases in the expression of N-cadherin and 
vimentin, compared to untreated cells (p<0.05, n=3). Notably, 
these effects were also reversed by the addition to thrombin 
inhibitor, hirudin, to thrombin-treated SKOV3 cells (Fig. 1 B). 

2. Effect of thrombin on the expression of SMAD2, DKK1, 
and sFRPI mRNAs in SKOV3 cells 

SMAD2, DKK1, and sFRPI have all been shown to be impor- 
tant regulators of EMT and the Wnt pathway and are related 
to prognosis of ovarian cancer. We used reverse-transcription 
PCR to evaluate the expression of these genes in thrombin- 
treated SKOV3 cells. SKOV3 cells stimulated with 0.5 U/mL, 1.0 
U/mL, and 2.0 U/mL of thrombin for 4 hours showed slight 
increases in the expression of SMAD2 mRNA compared to the 
control group, and dramatic increases in DKK1 mRNA expres- 
sion compared to the control group (Fig. 2). However, there 
were significant decreases in the expression of sFRPI mRNA 
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Fig. 2. Thrombin regulates the expression of genes involved in the 
transforming growth factor (TGF)-p and Wnt signaling pathways. (A) 
Expression of SMAD2 mRNA, DKK1 mRNA, and sFRPI mRNA in SKOV3 
cells treated with thrombin for 4 hours. Control, thrombin-free group; 
0.25T-2.0T, cells treated with different doses (U/mL) of thrombin; 1 .0T+H, 
thrombin plus hirudin (1.0 U/mL) group; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase (internal control). (B) Statistical analysis of 
the mRNA expression data. *p<0.05 vs. the corresponding control. 
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Fig. 3. Thrombin promotes the secretion of matrix metallo-proteinases (MMPs) and cytokines in SKOV3 cells. (A) Statistical results of MMP and 
cytokine expression in SKOV3 cells treated with different doses of thrombin for 24 hours. (B) Statistical results of MMP and cytokine expression 
in SKOV3 cells treated with thrombin (1.0 U/mL) for different time periods. *p<0.05 vs. the corresponding control. IL, interleukin; TGF, 
transforming growth factor. 
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compared to the control group (p<0.05, n=3). These effects 
were reversed in the thrombin plus hirudin group. 

3. Thrombin promoted the secretion of MMP-9, MMP-2, 
IL-6, IL-8, and did not affect the secretion of TGF-pi in 
SKOV3 cells 

We evaluated the secretion of cytokines in thrombin-treated 
SKOV3 cells and showed that thrombin upregulated the 
secretion of MMP-9, MMP-2, IL-6, and IL-8 in a time- and dose- 
dependent manner. SKOV3 cells treated for 24 hours with 0.5 
U/mL, 1.0 U/mL, and 2.0 U/mL of thrombin exhibited signifi- 
cant increases in the secretion of MMP-9, MMP-2, IL-8, and 
IL-6 compared to untreated cells (p<0.05, n=3) (Fig. 3A). These 
effects were reversed by the addition of hirudin (Fig. 3A). 
Similarly, SKOV3 cells treated with 1 U/mL of thrombin for 12 
hours, 24 hours, and 48 hours exhibited significant increases 
in the secretion of MMP-9, MMP-2, IL-8, and IL-6 compared 
to untreated cells (p<0.05, n=3) (Fig. 3B). These effects were 
reversed by the addition of hirudin (Fig. 3B). In contrast, there 
was no significant change in the secretion of TGF-pi in SKOV3 
cells treated with thrombin (p>0.05, n=3). 



4. Thrombin promoted invasion of SKOV3 cells 

Transwell invasion experiments were performed to evaluate 
the effect of thrombi n on the invasiveness of SKOV3 cells (Fig. 4). 
SKOV3 cells treated for 24 hours with 1.0 U/mL of thrombin 
exhibited a significant increase in the number of cells invading 
the lower chamber (1 15.00+16.87), compared to the control 
group (79.80±9.86; p<0.05, n=3). The number of cells invad- 
ing the lower chamber in the thrombin plus hirudin group 
was 82.70+10.22, which was not significantly different from 
the control group. 

5. Thrombin induced a morphological alteration in SKOV3 
cells 

Nest, the role of thrombin in the morphology of SKOV3 cells 
was investigated using immunofluorescence staining. The ex- 
pression of E-cadherin, N-cadherin and vimentin in untreated 
SKOV3 cells and SKOV3 cells treated with thrombin in the 
absence and presence of hirudin was detected. We showed 
that untreated SKOV3 cells were mostly irregular in shape or 
polygonal (Fig. 5, first row). However, thrombin induced a mor- 
phological alteration to a "spindle-shaped" phenotype (Fig. 5, 
second row), which was reversed by hirudin (Fig. 5, third row). 



'•r*f it V <£) * * • (B) 





1 ':■■»!, 



150 



100 



T3 



CD 

O 



50 



0 



Li 



Control 



Thrombin 



Thrombin+Hirudin 



Fig. 4. Transwell invasion assay of SKOV3 cells (X 10). Thrombin promotes invasion of SKOV3 cells in thrombin stimulation group (1.0 U/mL) 
(B) compared with control group (A) and thrombin plus hirudin group (C). (D) Statistical analysis of the different groups. *p<0.05 vs. the 
corresponding control. + p<U-u5 vs. thrombin group. 
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Fig. 5. Thrombin induces alteration in 
morphology of SKOV3 cells. SKOV3 cells 
were non-treated (before epithelial- 
mesenchymal transition, first row), treated 
with thrombin (second row), or treated 
with thrombin and hirudin (third row). 
Cells were stained with E-cadherin (red, 
first column from the left), N-cadherin 
(green, second column), or vimentin (red, 
third column). All cells were co-stained 
with DAPI (X200). 



DISCUSSION 

In this study, we showed that thrombin directly induced EMT 
in SKOV3 cells and this was associated with a time- and dose- 
dependent down-regulation of E-cadherin accompanied 
by an up-regulation of N-cadherin and vimentin. Thrombin 
also induced a morphological alteration in SKOV3 cells to a 
"spindle-shaped" phenotype, which may be conducive to 
invasion and metastasis. 

There has been a recent focus on the mechanisms by which 
coagulation factors influence angiogenesis, tumor growth, 
metastasis and invasion. Thrombin has been reported to 
act via the PARI receptor to promote the proliferation and 
migration of lung cancer, breast cancer and colon cancer 
cells [13]. PAR-1 was shown to be activated by plasmin and to 
induce ERK signaling to initiate EMT [17]. Alveolar epithelial 
cell treated with thrombin was reported to upregulate PAR 
and to induce a morphological change from a cobblestone to 
an elongated phenotype [18]. Our data were consistent with 
these studies and showed up-regulation of PARI, PAR3, and 
PAR4 in thrombin-treated SKOV3 cells. This was accompanied 
by an alteration in morphology from an irregular, polygonal to 
a spindle-shaped phenotype. 

The dose-effect of thrombin on cancer cells remains unclear. 
Low concentrations of thrombin (0.1 to 0.5 U/mL) enhanced 



the growth of cancer cells in vitro, while high concentrations 
of thrombin (0.5 to 1 U/mL) induced apoptosis, possibly via 
activation of distinct signaling networks [19]. However, our 
data showed that thrombin induced EMT in SKOV3 cells at all 
the concentrations tested and no apoptosis was observed. It 
will be interesting to explore in greater detail the molecular 
mechanisms and signaling pathways regulating thrombin- 
induced EMT in SKOV3 cells. 

The TGF-pi signaling pathway has been shown to regulate 
EMT and loss of the TGF-pi receptor was associated with 
inhibition of EMT, and inhibition of invasion and metastasis 
of pancreatic cancer [20]. SMAD2, a substrate of the TGF-pi 
receptor superfamily was shown to be necessary for TGF-pi- 
mediated EMT in human squamous cell carcinoma cells [21]. 
EMT is also regulated by the Wnt signaling pathway which is 
dysregulated in a number of cancers, resulting in invasion of 
cancer cells [22]. The dickkopf proteins (DKKs) are reported to 
block Wnt signaling by binding with membrane Wnt receptor 
LRP5 and DKK1 co-receptor Kremenl [23]. Interestingly, 
although DKK1 was shown to be down-regulated in colon 
cancer, gastrointestinal cancers, and liver cancer, and was 
considered a tumor suppressor [24-26], it was recently shown 
to be over-expressed in lung cancer and intrahepatic cholan- 
giocarcinoma [27,28]. sFRPs also inhibit Wnt signaling [29] and 
lack of sFRPI expression was related with the poor prognosis. 
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We showed a significant increase in SMAD2 and DKK1 mRNA 
levels and a significant decrease in sFRPl mRNA levels in 
thrombin-treated SKOV3 cells, suggesting that thrombin 
activates distinct signaling pathways to induce EMT in SKOV3 
cells. It is interesting to note that thrombin-treated SKOV3 
cells showed up-regulation of 5MAD2, but no alteration in 
the levels of TGF-p. Our future studies will aim to dissect these 
pathways in greater detail. 

MMPs play a key role in degradation and remodeling of the 
ECM to drive processes such as embryonic development, 
reproduction and cancer cell invasion and metastasis [30]. 
MMP-2 and MMP-9 have been shown to be associated with 
EOC invasion and metastasis [31,32]. IL-6 and IL-8 are among 
the interleukins that regulate cell proliferation, angiogenesis 
and metastasis in EOC and IL-6 is a marker to monitor anti- 
tumor therapy [33,34]. Our data showed a significant up- 
regulation in the expression of MMP-2, MMP-9, IL-6, and 
IL-8 in thrombin-treated SKOV3 cells. Our data expand our 
understanding of the mechanisms underlying thrombin- 
mediated EMTin ovarian carcinoma cells. 

Anticoagulant drugs such as heparin and warfarin, which 
prevent fibrin coagulation or platelet aggregation with 
tumor cells, produced an anti-metastatic effect and improved 
prognosis [35]. These data suggest an important link between 
coagulation and carcinogenesis and were consistent with 
our data which showed that hirudin suppressed thrombin- 
induced EMT and invasion of SKOV3 cells. Thrombin has previ- 
ously been shown to regulate the expression of E-cadherin, 
twist and ZEB1 mRNAs [36-38]. Our future studies will aim to 
examine whether thrombin regulates the mRNA expression 
of E-cadherin in this system. To the best of our knowledge, we 
are the first to suggest that selective anti-coagulant therapy 
could be used as a novel strategy to treat ovarian carcinoma. 
In this study, we used SKOV3 cells based on the fact that 
they are the most commonly used cells in this field [39,40]. 
However, we do plan to validate our findings in other ovarian 
cancer cell lines. 

In summary, we showed that thrombin induced EMT in 
human ovarian carcinoma cells. There was a significant up- 
regulation in the secretion of multiple cytokines, and increased 
invasion of thrombin-treated SKOV3 cells. Increased invasion 
of thrombin-treated cells could be associated with the change 
in phenotype from an irregular, polygonal phenotype to a 
spindle-shaped phenotype. Thrombin antagonist, hirudin, 
blocked the effects of thrombin, suggesting that coagulation 
factors play an important role in the progression of ovarian 
carcinoma and that anticoagulant therapy could be a novel 
therapeutic strategy for ovarian carcinoma. 
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